c-Aminobutyric acid (GABA) B receptors are known to enhance activation of Kir3 channels generating G-protein-dependent inward rectifier K + -currents (GIRK). In some neurons, GABA B receptors either cause a tonic GIRK activation or generate a late K + -dependent inhibitory postsynaptic current component. However, other neurons express Kir2 channels, which generate a constitutive inward rectifier K + -current (CIRK) without requiring G-protein activation. The functional coupling of CIRK with GABA B receptors remained unexplored so far. About 50% of rat cerebellar granule cells in the internal granular layer of P19-26 rats showed a sizeable CIRK current. Here, we have investigated CIRK current regulation by GABA B receptors in cerebellar granule cells, which undergo GABAergic inhibition through Golgi cells. By using patch-clamp recording techniques and single-cell reverse transcriptasepolymerase chain reaction in acute cerebellar slices, we show that granule cells co-express Kir2 channels and GABA B receptors. CIRK current biophysical properties were compatible with Kir2 but not Kir3 channels, and could be inhibited by the GABA B receptor agonist baclofen. The action of baclofen was prevented by the GABA B receptor blocker CGP35348, involved a pertussis toxininsensitive G-protein-mediated pathway, and required protein phosphatases inhibited by okadaic acid. GABA B receptor-dependent CIRK current inhibition could also be induced by repetitive GABAergic transmission at frequencies higher than the basal autorhythmic discharge of Golgi cells. These results suggest therefore that GABA B receptors can exert an inhibitory control over CIRK currents mediated by Kir2 channels. CIRK inhibition was associated with an increased input resistance around rest and caused a $ 5 mV membrane depolarization. The pro-excitatory action of these effects at an inhibitory synapse may have an homeostatic role reestablishing granule cell readiness under conditions of strong inhibition.
Introduction
The inward rectifiers include different classes of K + -permeable channels widely expressed in neurons and other excitable cells. By activating with hyperpolarization, inward rectifiers can be involved in various cell functions, from stabilizing resting membrane potential to regulating subthreshold excitatory postsynaptic potential integration and repetitive spike discharge. There are two main classes of K + -permeable inward rectifier channels, Kir2 and Kir3. Kir3 channels, due to their G-protein dependence, are often called G-proteindependent inward rectifier K + -currents (GIRK). GIRK can be activated by several neurotransmitters including c-aminobutyric acid (GABA), which, by activating GABA B receptors (Dutar & Nicoll, 1988; Misgeld et al., 1995; Nicoll, 2004) , can generate either a tonically active inward rectifier K + -current (Chen et al., 2004; Chen & Johnston, 2005) or a delayed K + -dependent component of the inhibitory postsynaptic currents (IPSCs) (Dutar & Nicoll, 1988; Connors et al., 1988) 2 . Inward rectifier channels of the Kir2 family are also highly expressed in the brain (Chandy & Gutman, 1993; Stanfield et al., 2002; Pruss et al., 2006) . Kir2 are stronger rectifiers than Kir3 channels and are constitutively active (CIRK). Although CIRK channels can be regulated by muscarine and substance P (Velimirovic et al., 1995; Wang & McKinnon, 1996) , and are sensitive to the phosphorylative balance (Inoue & Imanaga, 1995; Takano et al., 1995; Kamouchi et al., 1997) , their regulation by GABA B receptors has not been reported so far.
In cerebellar granule cells, GIRK currents activated by GABA B receptors and GTPcS are observed at a premigratory stage. GIRK currents play a key role for granule cell maturation and survival, and their mutation (in Kir3.2 or GIRK-2) causes the weaver degeneration (Kofuji et al., 1996; Rossi et al., 1998) . Although in situ hybridization and immunostaining reveals Kir3 channels also in the mature cerebellum (e.g. Karschin et al., 1996 3,4 ; Liao et al., 1996) 3,4 , the phenotype of inward rectifier currents switches from GIRK to CIRK as granule cells migrate from the external to internal granular layer Armano et al., 2000; Mathie et al., 2003) . The CIRK current is Ba 2+ -sensitive with steep voltage dependence, and Kir2.2 channel mRNA and protein have indeed been revealed by in situ hybridization (Karschin et al., 1996; Horio et al., 1996) and immunohistochemistry (Stonehouse et al., 1999) . Biochemical assays have shown that Kir2 channels in granule cells are coupled to complex transduction molecular complexes (Leonoudakis et al., 2001 (Leonoudakis et al., , 2004 . GABA B receptors have also been revealed in mature granule cells by in situ hybridization and immunohistochemistry (Ige et al., 2000; Liang et al., 2000) . GABA B receptors may be physiologically activated by Golgi cells, which are GABAergic interneurons know to activate GABA A receptor-mediated responses in granule cells (Edgley & Lidierth, 1987; Brickley et al., 1996; Dieudonne, 1998; Vos et al., 1999a,b; Rossi et al., 2003; Dugue et al., 2005) . Thus, the mature granule cell circuit appears to combine Kir3 channels with GABA B receptors, although their functional coupling remained to be investigated.
In this paper, the co-localization of GABA B receptors and Kir2 channels was demonstrated by single-cell reverse transcriptasepolymerase chain reaction (RT-PCR). Surprisingly enough, both pharmacological and synaptic activation of GABA B receptors inhibited the CIRK current, depolarizing the membrane at rest and increasing subthreshold input resistance. These effects, which are apparently in contrast with the well-known inhibitory effect of GABAergic synapses, may play an important role for regulating the inhibitory action of Golgi cells on granule cells.
Materials and methods

Slice preparation and recording procedures
Patch-clamp recordings were performed from granule cells in the granular layer of cerebellar slices using either the whole-cell or perforated-patch technique (Horn & Marty, 1988) . Cerebellar slices (250 lm thick) were obtained from postnatal day (P)19-26 rats (Wistar strain, day of birth ¼ 1) as reported previously (D'Angelo et al., 1995 Rossi et al., 1998; Armano et al., 2000) . 5,6 5,6 Slices were cut and maintained in Krebs solution (in mm): NaCl, 120; KCl, 2; MgSO 4 , 1.2; NaHCO 3 , 26; KH 2 PO 4 , 1.2; CaCl 2 , 2; glucose, 11; and was equilibrated with 95% O 2 and 5% CO 2 (pH 7.4). In some experiments slices were maintained overnight in Krebs solution (pH 7.4 by bubbling with 95% O 2 and 5% CO 2 , room temperature) added with pertussis toxin (PTX, 5 lg ⁄ mL, Chen et al., 2001) . During recordings the slices were superfused with oxygenated Krebs and maintained at 30°C with a Peltier feedback device (HCC-100A; Dagan, Minneapolis, MN, USA). Test solutions were applied locally through a multibarrel pipette, in which Krebs was added with ionotropic and metabotropic glutamate receptor antagonists [in lm: 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 10; d-2-amino-5-phosphonovaleric acid (APV), 100; 7-chlorokinurenic acid (7-Cl-kyn), 50; (+)-a-methyl-4-carboxyphenyl-glycine (MCPG), 500] and, in some cases, with ionotropic and metabotropic GABA receptor antagonists (in lm: bicuculline, 30; CGP35348, 50; Barthel et al., 1996) . Nystatin, bicuculline and GTPcS were obtained from Sigma (St. Louis, MO, USA). R-baclofen (Barthel et al., 1996) , CGP35348, APV, 7-Cl-kyn, CNQX and MCPG were obtained from Tocris Cookson (Bristol, UK). Okadaic acid (Inoue & Imanaga, 1995; Kamouchi et al., 1997 ; Alexis, San Diego, CA, USA) was dissolved in dimethylsulphoxide. PTX was delivered from List Biological Laboratorie (California, USA).
For whole-cell recording (WCR), pipettes were filled with the following intracellular solution (in mm): K-gluconate, 126; NaCl, 4; MgSO 4 , 1; CaCl 2 , 0.02; BAPTA, 0.1; glucose, 15; ATP, 3; HEPES, 5 (pH was adjusted to 7.2 with KOH), and either 0.1 mm GTP or GTPcS. Considering that this solution was diluted by 10% before use (Rossi et al., 1998) , and assuming a 0.75 activity coefficient for K + salts, the nernstian reversal potential for K + ions was )85.7 mV (Pitzer & Mayorga, 1973) . Intracellular Ca 2+ was buffered at 100 nm. In some recordings the perforated-patch technique was used to prevent cytoplasmic washout and maintain the endogenous Ca 2+ buffer (Horn & Marty, 1988) . The pipette solution used for perforated-patch recording (PPR) contained nystatin 100 lg ⁄ mL and (in mm): K + -sulphate, 84; NaCl, 4; glucose, 30; HEPES, 5 (pH was adjusted to 7.2 with KOH). The membrane potential was corrected for the Donnan potential developing across the patch ()9.8 mV inside the cell).
Golgi cell axon stimulation was performed using a patch-pipette positioned in the internal granular layer through a stimulus isolation unit. Signals were recorded with an Axopatch-200B amplifier, sampled with a Digidata-1200 interface and analysed with pClamp software (Axon Instruments, Foster City, CA, USA). Data are reported as mean ± MSE, and statistical comparisons were made using Student's t-test. Differences were considered significant at P < 0.05.
Voltage-clamp recordings
To measure CIRK currents, hyperpolarizing voltage steps were given from the holding potential of )40 mV, and voltage-ramps were raised at 0.08 mV ⁄ ms from the holding potential of )120 mV. The presence of CIRK currents was revealed by inward rectification in the negative membrane potential region. In practice, a cell was considered as expressing CIRK currents when the DI ⁄ DV ratio in the )120 mV to )100 mV range was 10% greater than in the )54 mV to )60 mV range. In order to minimize run-down problems, all pharmacological and stimulation protocols have been started between 3 and 6 min from the establishment of the whole-cell recording configuration, when CIRK current amplitude tends to stabilize. Time is set at 0 at the beginning of the protocols and CIRK current amplitude is measured relative to the last control point.
Passive properties
Current transients elicited by )10 mV voltage steps from the holding potential of )70 mV showed a fast mono-exponential relaxation indicating that granule cells behaved as single electrical compartments. The transients were used to estimate series resistance (18.6 ± 2 MW, n ¼ 21), input resistance (2.9 ± 0.5 GW, n ¼ 21) and membrane capacitance (4.4 ± 1.2 pF, n ¼ 21), yielding typical values of granule cells (D'Angelo et al., 1995) .
Leakage subtraction and CIRK conductance curve
Currents activated by depolarizing ramps were used to obtain currentvoltage (I-V) plots, which were fitted with the following equation:
where G IR is the maximum CIRK conductance, V m is the membrane potential, E K is the Nernst potential for K + , V 1 ⁄ 2 is the potential at which CIRK conductance is half-activated and k is the voltage dependence of its activation, G L is the linear leakage conductance and E L is the leakage reversal potential (Hille & Schwarz, 1978) . For curve fitting, E K was fixed to )85.7 mV while the other parameters were left free. When also E K was left free to vary, it assumed values within ± 10 mV of its theoretical value, supporting the K + dependence of the current. Curve fitting with Eqn 1 (e.g. Fig. 1B ) was performed between )120 mV and )60 mV by least-squares minimization
Software, Northampton, MA, USA). The fitting procedure converged to the same result independent of initial parameters, and none of the free parameters showed unusual variability. The average parameter values obtained from curve fitting were used to construct average activation curves (e.g. Fig. 1C ) using the Boltzmann equation
The linear leak current obtained by Eqn 1 was subtracted from the experimental tracings in the rest of the paper following the procedure illustrated in Fig. 1B .
Current-clamp recordings
Current-clamp recordings were performed in the 'fast' operating mode of the Axopatch-200A to optimize the reaction rate of the amplifier (the procedure is described in D' Angelo et al., 1995) . Membrane potential during step current injection was estimated as the average value between 500 and 800 ms.
Single-cell RT-PCR
In a specific set of experiments, cerebellar granule cells were visually identified with 63 · Nomarsky optics and patch-clamped 20-50 lm below the surface of the slice. After performing voltage-ramp protocols to identify the presence of CIRK currents, the cytoplasm was retrieved by aspiration into the recording pipette under visual control.
Cytoplasm harvest
The pipette solution contained (in mm): KCl, 144; MgCl 2 , 3; EGTA, 0.2; HEPES, 10; 4, NaATP; NaGTP, 0.4 (pH adjusted at 7.2 with KOH). The contents were expelled into a test-tube where the RT reaction was performed in a final volume of 10 lL (Lambolez et al., 1992) , left overnight at 37°C. PCR amplification was performed for detection of the two GABA B receptor subunits 1 and 2 (GABA B R1 and GABA B R2), the alpha 6 subunit of the GABA A receptor (GABA A Ra6), and the three inwardly rectifying K + channels Kir 2.1, Kir2.2 and Kir 2.3. The possibility of contamination was ruled out by inclusion of a template minus negative control (extracellular solution near harvested neurons).
Multiplex RT-PCR
The set of primers used for GABA B R1, GABA B R2 and GABA A Ra6 were located in different exons to rule out genomic DNA amplification by size criterion. The sets of primers for Kir 2.1, 2.2 and 2.3 are Mermelstein et al. (1998) . The two steps of multiplex PCR were performed as described previously (Léna et al., 1999) . The resulting cDNAs of GABA B R1, GABA B R2, GABA A Ra6, Kir 2.1, Kir 2.2 and Kir 2.3 contained in 10 lL RT reaction were first amplified simultaneously. Taq polymerase (2.5 U) (Qiagen, Germany) and 10 pmole of each of the 14 primers were added in the buffer supplied by the manufacturer (final volume 100 lL), and 20 cycles (94°C, 1 min; 60°C, 1 min; 72°C, 1 min) of PCR were run. Second rounds of PCR were then performed using 2 lL of the first PCR as template (final volume 50 lL). In this second PCR, each cDNA was amplified individually using its specific primer pair by performing 40 PCR cycles as described above. Twenty microlitres of each individual PCR was then run on a 2% agarose gel. The efficiency of this multiplex RT-PCR protocol was tested on 10 pg of whole-brain total RNA (Léna et al., 1999; Porter et al., 1999 (Mermelstein et al., 1998) . The efficiency of these probes was demonstrated by their ability to detect Kir2.1, Kir2.2 and Kir2.3 subunits in RT-PCR from 10 pg of wholebrain total RNA (data not shown).
Results
The CIRK in cerebellar granule cells
In the present recordings performed at P19-22, a CIRK could be activated in 45.9% of recorded granule cells (45 ⁄ 98) by hyperpolarizing voltage pulses from the holding potential of )40 mV (Fig. 1A) as previously described (D'Angelo et al., 1995 in the rat; Rossi et al., 1998 in mice; Mathie et al., 2003) . The CIRK currents were Ba 2+ -sensitive (Rossi et al., 1998) and could be separated from leakage by subtraction of traces recorded in control solution and after 1 mm Ba 2+ application. The CIRK current showed fast activation and attained steady-state in 1-2 ms. These properties were similar in WCR and PPR, which prevents cytoplasmic changes caused by cytoplasm washout by the patch-pipette (Horn & Marty, 1988) .
The amplitude and voltage dependence of the CIRK current were investigated by fitting the I-V curves generated by depolarizing voltage-ramps with Eqn 1 (Fig. 1B) . In the WCR configuration, curve fitting yielded half-activation potential V 1 ⁄ 2 ¼ )91.2 ± 1.5 mV, voltage dependence of activation k ¼ 7.8 ± 0.4 ⁄ mV and maximum conductance G IR ¼ 0.86 ± 0.1 nS (n ¼ 35 for all parameters). The reversal potential for potassium ions, E K ¼ )85.7 mV, was calculated from intra-and extracellular K + ionic activities (see Materials and methods for details). Leakage parameters were: G L ¼ 0.66 ± 0.04 nS and E L ¼ )52.4 ± 2.1 mV. The average activation curve of the CIRK current reconstructed using Eqn 2 is illustrated in Fig. 1C . The properties of the CIRK current were also evaluated using the PPR configuration (Fig. 1A) . Fitting of I-V relationships obtained from voltage-ramps with Eqn 1 yielded CIRK and leakage parameters
.4 mV (n ¼ 10 for all parameters). These parameters were not significantly different from those obtained in WCR. Given a cell membrane capacitance of 3.5 ± 0.3 pF (n ¼ 40; see Materials and methods), the CIRK conductance was 245.7 ± 18.7 pS ⁄ pF (n ¼ 35) in WCR and 257.1 ± 31.3 pS ⁄ pF (n ¼ 10) in PPR, the two values being nonsignificantly different (P ¼ 0.45, unpaired t-test). Therefore, most of the subsequent experiments, for the possibility of controlling the cytoplasmic ionic composition, of injecting intracellularly active compounds and of sampling the cytoplasm for RT-PCR, were performed in WCR. It should be noted that the biophysical properties for the rat CIRK current, including fast activation and strong rectification, were similar to those previously reported in mice (Rossi et al., 1998) .
As previously reported in different preparations (e.g. Inoue & Imanaga, 1995) , the CIRK current showed a tendency to run-down during the WCR. G IR decreased by 23.5 ± 3.0% (n ¼ 11) during the first 4 min after establishing the WCR configuration, thereafter CIRK tended to stabilize with just 14.0 ± 7.6% (n ¼ 11) decrease in the next 10 min. Therefore, in order to allow comparison of various experimental conditions, subsequent measurements were normalized to G IR measured 5 min after the beginning of recording (see Fig. 3B below).
Co-expression of Kir2 channels and GABA B receptors in single granule cells
In situ hybridization and immunohistochemistry have revealed high levels of Kir2.2 (Horio et al., 1996; Karschin et al., 1996) and a weaker signal for GABA B receptors subunits (Ige et al., 2000; Liang et al., 2000) in the cerebellum granular layer. Moreover, Kir2 transcripts were observed with a punctate pattern both in glia and neurons of the granular layer (Leonoudakis et al., 2001 (Leonoudakis et al., , 2004 . It was, however, unknown whether Kir2 channels: (i) were correlated with the CIRK current; and (ii) were co-localized with GABA B receptors in single granule cells.
GABA B receptors comprise R1 and R2 subunits, and Kir2 channels include three main subtypes (Kir2.1, Kir2.2 and Kir2.3), which assemble in homo-or hetero-multimers to form functional channels. We have therefore investigated the localization of the corresponding mRNA at the level of single cerebellar granule cells using single-cell RT-PCR. The expression of transcripts coding for GABA B R1 and GABA B R2 receptor subunits and inwardly rectifying K + channels Kir2.1, Kir2.2 and Kir2.3 was examined in 13 visually identified cerebellar granule cells. To limit the number of cells with poor
retrieval of RT-PCR, we used only the results from 11 neurons showing the presence of transcripts coding for GABA A receptor a6-subunit, which is specifically expressed in cerebellar granule cells (Kato, 1990) . A pair of primers located on two different exons was used to strengthen this positive control. The co-localization of GABA B receptor subunits and Kir channel a-subunits was demonstrated in four neurons ( Fig. 2A) . The percentage of GABA B ⁄ Kir2 co-expression (36.4%) was similar to that of CIRK current expression (45.9%) in age-matched controls (P19-20). Kir channel subunits were either Kir2.1 or Kir2.2, while Kir2.3 was never observed. In two of the four granule cells positive for Kir2 mRNA, electrophysiological recordings performed before withdrawing the cytoplasm revealed a CIRK current (G IR > 0.4 nS) (Fig. 2B) . Of the remaining seven cells, which did not show Kir2 mRNA expression, two showed a sizeable CIRK current while the other five did not. There was therefore a correlation between expression of mRNA for Kir2 channels, GABA B receptors and CIRK current, although this was not univocal, as further considered in the Discussion.
GABA B receptor-mediated inhibition of CIRK current
The functional coupling between GABA B and Kir2 channels was investigated by applying the GABA B receptor agonist, 30 lm baclofen. At the end of 10 min of baclofen perfusion in WCR, we observed a marked CIRK current decrease by 83.5 ± 5.5% (n ¼ 19) ( Fig. 3A and B; see Table 1 for statistical data). 7
In order to rule out that washout of cytoplasmic constituents might be responsible for the effect, these experiments were replicated in PPR. In PPR, the CIRK current decreased by 70.8 ± 19.8% (n ¼ 5). The decrease in CIRK current was statistically significant both for WCR and PPR, while the leakage current estimated from curve fitting in the same experiments did not show significant changes (the data and statistical tests are summarized in Table 1 ). In order to account for the effect of run-down, the WCR results have also been compared with normalized timematched controls (same data as in Fig. 3B ), still revealing a statistically significant decrease of the CIRK current following baclofen perfusion (P < 1.8 · 10 )5
, unpaired t-test). The specificity of baclofen action was verified by preincubating slices for at least 30 min with 50 lm CGP35348, a selective GABA B receptor antagonist (Fig. 3A and B) . In these recordings, during 10 min perfusion of baclofen +50 lm CGP35348, the CIRK current decreased by just 20.0 ± 2.0% (n ¼ 4), a value that was not statistically different from time-matched controls (P ¼ 0.46, unpaired t-test). These results therefore indicate that CIRK current inhibition by baclofen is mediated through GABA B receptors.
Because curve fitting yielded a change in CIRK without changes in leakage conductance (Table 1 ), the holding current could be taken as a further element to assess recording stability. The holding current recorded at )120 mV, where CIRK is activated, showed modest changes in control but showed a decrease when 30 lm baclofen was perfused (Fig. 3C) . It should be noted that the effect of baclofen is smaller than in Fig. 3B because leakage was not subtracted in this case.
The effect of 30 lm baclofen was also observed following a short, 1-min perfusion. In this case, the CIRK current continued to decrease after cessation of perfusion until being reduced by 57.4 ± 4.6% (n ¼ 7; P < 0.0005 unpaired t-test vs. normalized time-matched controls) after 8 min (Fig. 3B ). Although washout with control solution was continued for up to 60 min in three cases, no reversal of baclofen effect was observed. Despite the prolonged washout, we could not totally exclude that persistence of baclofen within the slice was responsible for the persistent CIRK inhibition. We therefore performed very short perfusions (10-20 s) immediately followed by washout taking care of patching superficial granule cells and positioning the perfusion pipette near (< 100 lm) the recorded cell. In these experiments baclofen caused a rapid 81 ± 0.1% (n ¼ 5) inhibition followed by partial recovery to 55.7 ± 2.7 (n ¼ 5) of control upon washing with control solution (Fig. 4A and B) . This value was still significantly smaller than time-matched controls (P < 1 · 10 )8
, unpaired t-test). 
In summary, all the granule cells expressing CIRK and tested for baclofen action showed a CIRK reduction (36 ⁄ 36). CIRK current inhibition appears therefore as a robust process, allowing further pharmacological and functional characterization of the inhibitory effect.
Cellular mechanisms of CIRK current inhibition by GABA B receptors
Modulation of the CIRK current has been reported in neuronal (Takano et al., 1995) and non-neuronal cells (Inoue & Imanaga, 1995; Kamouchi et al., 1997) . In particular, Kir2.1 and Kir2.2 channels are regulated through a G-protein-dependent cascade involving processes of protein phosphorylation ⁄ dephosphorylation. Figure 5 illustrates the basic mechanisms of CIRK current regulation through GABA B receptors.
The possible involvement of G-proteins was tested by using the non-hydrolysable G-protein activator GTPcS (100 lm) in the patchpipette. After obtaining the whole-cell configuration, CIRK current rapidly decreased reaching 75.2 ± 15.3% (n ¼ 5; P < 0.0015, unpaired t-test vs. normalized time-matched controls) block in 8 min. The mechanism appeared therefore to be G-protein sensitive. Interestingly, in other neurons, like retinal ganglion cells (Chen et al., 2004) , hippocampal CA1 pyramidal cells (Chen & Johnston, 2005) 8 and nucleus basalis neurons (Hoang et al., 2004) , GTPcS enhances a tonically active inward rectifier current, which is, however, related to channels different from Kir2 (Kir3 or Kir NB). The potential presence of Kir3 channels in granule cells is further addressed in Fig. 8 and in the Discussion. In order to test the nature of G-proteins involved in the GABA B pathway, we incubated slices overnight with 5 lg ⁄ mL PTX in a continuously oxygenated chamber. The same PTX concentration was also added to the patch-pipette solution. PTX catalyses ADPribosylation of the a-subunit of G i , preventing GDP displacement by GTP and blocking downstream inhibition of adenylate cyclase. In these experiments, 8 min of baclofen perfusion could still block CIRK current by 89.0 ± 5.6% (n ¼ 4; P < 0.001; unpaired t-test vs. normalized time-matched controls), ruling out the involvement of a PTX-sensitive mechanism. It should be noted that the main granule cell membrane properties after overnight incubation were similar to those recorded in fresh slices (Fig. 5A, inset) . (i) During hyperpolarizing voltage-clamp protocols, the CIRK current was observed in 45% (5 ⁄ 11) of granule cells with G IR ¼ 1.68 ± 0.3 nS (n ¼ 5; not significantly different from WCR data in Table 1 ). (ii) During depolarizing voltage-clamp protocols, all cells showed inward and outward currents. At the test potential of )20 mV (PTX-incubated vs. control), the peak inward current was )314 ± 21.5 pA (n ¼ 11) vs. )294.4 ± 48.6 pA (n ¼ 7), the transient outward current was 129 ± 12.3 pA vs. 165 ± 24.8 pA, and the steady-state outward current was 30.1 ± 5.4 pA vs. 27.2 ± 4.6 pA. None of the measurements was statistically different from controls. (iii) Membrane capacitance was 4.1 ± 0.2 pF (n ¼ 11; NS vs. WCR data in Materials and methods).
The potential regulation of the balance of phosphorylation downstream of G-protein activation was assessed by intracellular perfusion through the patch-pipette of okadaic acid (1 lm), a protein phosphatase inhibitor that inhibits CIRK modulation in chromaffin and arterial pulmonary endothelial cells (Inoue & Imanaga, 1995; Kamouchi et al., 1997) . After 8 min of 30 lm baclofen application, the CIRK current decreased by 11.4 ± 12.1% (n ¼ 9; P ¼ 0.85, unpaired t-test vs. normalized time-matched controls). Thus, okadaic acid prevented baclofen action.
These results (summarized in Fig. 4C ) indicate inhibitory control of CIRK channels by GABA B receptors through a PTX-insensitive G-protein-mediated pathway regulating protein phosphorylation at some critical steps.
Repetitive inhibitory synaptic activity causes CIRK current inhibition
In order to investigate the functional implications of GABA B receptormediated inhibition of CIRK currents and to determine whether the 
effect could be observed with physiologically meaningful stimulation, the inward rectifier current was measured in response to various activity patterns in Golgi cell axons. Cerebellar granule cells receive their inhibitory input from GABAergic synapses provided by Golgi cells. Stimulation experiments have been performed in the presence of blockers for a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 9 (10 lm CNQX), N-methyl-d-aspartate (NMDA) (100 lm APV +50 lm 7-Cl-kyn) and metabotropic (500 lm MCPG) glutamate receptors in order to prevent potential effects caused by mossy fibre activation on granule cells (D'Angelo et al., 1995 (D'Angelo et al., , 1999 and Golgi cell presynaptic terminals (Mitchell & Silver, 2000) . By analogy with pharmacological experiments, in which the effect developed after baclofen application, we monitored the CIRK current following application of specific synaptic stimulation patterns. In these recordings, after controlling stimulation efficacy using low-frequency impulses (0.1 Hz), IPSCs were blocked with bicuculline (Fig. 6B) .
Because Golgi cells are pacemaker neurons with autorhythmic activity at about 4 Hz at room temperature in vitro (Dieudonne, 1998; Forti, Cesana, Mapelli and D'Angelo, unpublished observation), we first tested the effect of a 4 Hz continuous stimulation on CIRK current amplitude (Fig. 6A and B) . CIRK current reduction (18.0 ± 6.1% after 8 min of stimulation, n ¼ 5) was not statistically different from run-down in control experiments (P ¼ 0.7; unpaired t-test vs. normalized time-matched controls). A second stimulus pattern was selected by considering that Golgi cells in vivo can undergo protracted periods of sustained discharge at about 25 Hz (Edgley & Lidierth, 1987; Vos et al., 1999a) . Thus, in a series of recordings a 25 Hz train was delivered for 2 min. At the end of 
stimulation the CIRK current was reduced by 45.6 ± 13.5% (n ¼ 5; Fig. 6A and B). CIRK current then continued to decrease until being reduced by 95.0 ± 4.3% (n ¼ 5) 8 min after the beginning of stimulation ( Fig. 6C ; Table 1 ). The time course of the change was similar to that determined by baclofen application. Similar results were observed also using 25 Hz stimulation in perforated-patch recordings, with a reduction of 91.7 ± 6.9% (n ¼ 3) 8 min after the beginning of stimulation (not shown). Neither in WCR nor PPR did leakage show any noticeable change (Table 1) . In order to account for the effect of run-down, the WCR results have also been compared with normalized time-matched controls, still revealing a statistically significant decrease of the CIRK current following stimulation (P < 0.3 · 10 )10 , unpaired t-test).
The dependence of the effect on the duration of stimulation was tested by applying a short train of 25 Hz stimuli lasting just 20 s. In this case, CIRK current reduction reached an intermediate level of 52.9 ± 4.5% (n ¼ 5; P < 0.0001, unpaired t-test vs. normalized time-matched controls) 8 min after the beginning of stimulation (see Fig. 5C ). The dependence of the effect on GABA B receptors was tested by preincubating the slices for (at least) 30 min with 50 lm CGP35348. As in previous recordings, a 25 Hz stimulation was applied for 2 min. This reduced the CIRK current by just 5.1 ± 5.3% (n ¼ 6; P ¼ 0.1, unpaired t-test vs. normalized time-matched controls). The mean percent block of CIRK current in the different stimulation conditions is reported in Fig. 6C . 
Effects of repetitive inhibitory synaptic activity on subthreshold intrinsic excitability
The effect of a CIRK current reduction on subthreshold Golgi cell responses is shown in Fig. 7 . In 10 recordings, after measuring the IPSCs to check the efficiency of synaptic stimulation, GABA A receptors were blocked by 30 lm bicuculline, and granule cell membrane potential and input resistance were monitored in currentclamp. In 50% of cases the granule cells showed inward rectification in the negative membrane potential range (D'Angelo et al., 1995; Rossi et al., 1998) . In these cells, during repetitive stimulation (2.2 s at 25 Hz) no appreciable membrane potential changes were observed from resting potentials maintained by constant current injection between )80 mV and )50 mV (0.5 ± 0.04 mV difference from baseline; n ¼ 10; NS), i.e. in a range that would allow detection of changes in K + currents. Moreover, the cell input resistance, measured from the response to small depolarizing current pulses, did not change (1.4 ± 0.2 GW at the beginning and 1.5 ± 0.4 GW at the end of stimulus trains; n ¼ 10; NS). These results ruled out any regulation of granule cell electroresponsiveness during repetitive stimulation by subthreshold-activating conductances potentially coupled to GABA B receptors.
A further analysis was restricted to the five cells showing inward rectification. Following 12-30 train repetitions, inward rectification was markedly reduced, as expected from voltage-clamp recordings ( Fig. 7A and B) . The subthreshold I-V relationship became steeper after repetitive stimulation, and this modification increased granule cell input resistance by nearly 20% between )60 mV and )70 mV (Fig. 7C) . Moreover, resting membrane potential changed from )68.6 ± 3.3 mV to )62.2 ± 3.4 mV (n ¼ 5; P < 0.02, paired t-test). Stimulus trains were delivered every 10 s for 2 min from different membrane potentials comprised between )80 mV and )50 V. Test current pulses (+4 pA) were injected before and during synaptic stimulation to measure input resistance. No changes in membrane potential or input resistance were observed during the trains. Granule cell responses to current injection (bottom tracings 2 pA ⁄ step, top tracing 10 pA) were evoked from )80 mV both before and 5 min after terminating the synaptic stimulus trains. Note that granule cell inward rectification is strongly reduced after the trains. (B) Average plot (n ¼ 5) for steady-state responses to step current injection before (s) and after 25 Hz stimulation (d). Note that the slope of the V-I relationship is increased at low potentials. The resting membrane potential is shifted toward depolarized values (dotted lines and arrow) following 25 Hz stimulation. (C) The input resistance (R in ) of the same granule cells of (A) and (B) is shown normalized to the control value at )58 mV. In control (s), R in shows a significant decrease with membrane potential (n ¼ 5; R 2 ¼ 0.89; P < 0.01). After 25 Hz stimulation (d), R in becomes nearly constant. It should be noted that there is a sizeable divergence of values measured before and after stimulation in the subthreshold region, suggesting that CIRK takes part in regulating synaptic integration.
Therefore, CIRK reduction brought about changes tending to enhance excitability in a membrane potential region relevant to granule cell functioning. An associated reduction in spike threshold (data not shown), which may suggest additional modulatory processes determined by repetitive stimulation, prevented a further analysis of the functional consequences of CIRK current inhibition on granule cell firing.
Granule cells expressing GIRK rather than CIRK current
A puzzling aspect of our finding is that, although Kir3 channels have been reported in the cerebellum granular layer at mature developmental stages (Karschin et al., 1996 10; 11 ; Liao et al., 1996) 10;11
, no clear evidence for the corresponding GIRK current emerged. We therefore performed a series of whole-cell recordings with GTPcS in the patchpipette to detect whether GIRK could be observed in some cases. In some of these recordings (seven out of 15), as already documented in Fig. 4 , we observed a CIRK current showing a marked time-dependent decrease. Conversely, in all the granule cells without CIRK at the beginning of recordings (eight out of 15), we observed a progressive growth of inward rectification (Fig. 8A ). This GIRK current had weaker voltage dependence than CIRK. Fitting of I-V relationships obtained from voltage-ramps 8 min after commencing the whole-cell recording using Eqn 1 yielded GIRK and leakage parameters
nS and E L ¼ )32.7 ± 7.4 mV (n ¼ 8). V 1 ⁄ 2 , k and G IR were significantly different from those of CIRK currents (P < 0.01 in all cases; unpaired t-test). Moreover, the currents attained 90% of steady-state amplitude in 10-20 ms at test potentials between )50 mV and )120 mV (Fig. 8B, inset) . The granule cells without CIRK have therefore the potential to show functional GIRK activation.
Discussion
This paper shows that CIRK currents can be inhibited by activation of GABA B receptors at the Golgi cell-granule cell relay of the cerebellum. Following either baclofen application or appropriate patterns of synaptic stimulation, CIRK gradually decreased until reaching about 20% of its initial amplitude in 5-10 min. As a consequence, subthreshold neuronal excitability was enhanced. This observation contrasts with the more common finding of GABA B receptor-mediated enhancement of GIRK currents (Misgeld et al., 1995; Nicoll, 2004) . The difference between CIRK-and GIRKmediated responses extends to the IPSCs. GABAergic transmission in cerebellar granule cells evokes IPSCs uniquely determined by GABA A receptors (Rossi et al., 2003) , while in neurons of the hippocampus and visual cortex IPSCs consist of an early GABA A Cl --dependent component and a late GABA B K + -dependent component mediated by GIRK channel activation (Connors et al., 1988 12 ; Dutar & Nicoll, 1988) .
The specificity of CIRK inhibition through GABA B receptors was supported by the preventative action of the GABA B receptor antagonist CGP35348. CGP35348 similarly prevented CIRK inhibition caused by baclofen application and repetitive stimulation (see below). This observation suggests that synaptic stimulation activates the same receptors and transduction pathway causing the pharmacological effects. Because, during synaptic stimulation, CIRK inhibition was observed in the presence of GABA A receptor blockade, modulation of the tonic GABA current of granule cells (Brickley et al., 1996; Rossi et al., 2003) could be ruled out. Moreover, synaptic stimulation was performed in the presence of mGluR, NMDA and AMPA receptor blockers, preventing potential postsynaptic effects mediated by simultaneous activation of mossy fibres (Armano et al., 2000) or activation of presynaptic mGluR on Golgi cell terminals (Mitchell & Silver, 2000) . We cannot, however, exclude that other neurotransmitters were co-released with GABA from the Golgi cell terminals contributing to the effect. Substance P and muscarine proved to inhibit CIRK in neurons of the central (Takano et al., 1995; Velimirovic et al., 1995) and peripheral (Wang & McKinnon, 1996) nervous system.
Either using baclofen or synaptic stimulation, CIRK current inhibition outlasted the presentation of the stimulus. On the one hand, the possibility that baclofen remained in the slice at a sufficient concentration to activate GABA B receptors even during washout 
cannot be excluded, as partial reversibility of the effects was observed with brief and localized baclofen perfusion. On the other hand, the observation of CIRK inhibition using repetitive synaptic stimulation is in favour of a physiological mechanism protracting CIRK inhibition. Thus, it is possible that CIRK inhibition represents a long-lasting modulation or even a long-term change in intrinsic excitability (socalled non-synaptic plasticity), of which a few examples have been reported in neurons (Armano et al., 2000; Hansel et al., 2001; Debanne et al., 2003; Zhang & Linden, 2003) .
Molecular substrates of the CIRK current in cerebellar granule cells
Single-cell RT-PCR revealed Kir2.2 a-subunit mRNA in granule cells, confirming previous findings with in situ hybridization and immunostaining (Karschin et al., 1996; Horio et al., 1996; Stonehouse et al., 1999; Leonoudakis et al., 2001 Leonoudakis et al., , 2004 , and also showed Kir2. (Dhamoon et al., 2004) , CIRK currents showed fast kinetics and steep voltage dependence. Similar biophysical properties have been observed in other neurons (Takano et al., 1995; Velimirovic et al., 1995; Wang & McKinnon, 1996) , chromaffin cells (Inoue & Imanaga, 1995) , endothelial cells (Kamouchi et al., 1997) and cardiac myocytes (Dhamoon et al., 2004) expressing Kir.2 channels.
Kir3 channels generate GIRK currents in premigratory granule cells (Rossi et al., 1998) and in cultures from newborn pups (Slesinger et al., 1997) . Here we show that GIRK currents can also be observed in postmigratory granule cells that do not have CIRK. Different from CIRK, GIRK currents showed strong voltage dependence and slow activation kinetics, and were insensitive to PTX (as reported by Kofuji et al., 1996; Rossi et al., 1998) . This observation is consistent with in situ hybridization and immunostaining, which revealed Kir3 mRNA and channels in the granular layer (Karschin et al., 1996 13 ; Liao et al., 1996) 14 . However, it is improbable that GIRK co-existed with CIRK, as the current remaining after inhibition (GTPcS intracellular perfusion, baclofen application or synaptic activation) maintained the biophysical properties of CIRK. It seems more probable that CIRK and GIRK are segregated in different granule cells, maybe reflecting different degrees of maturation or yet unknown mechanisms of regulation. High-resolution immunolabelling may be used to reveal whether Kir2 and Kir3 channels segregate in different granule cells. Another interesting issue is whether, as reported by Slesinger et al. (1997) in cell culture, GIRK currents in the granular layer in situ are also modulated by GABA B receptor activation.
Our results support the conclusion that constitutive inward rectification of cerebellar granule cells in situ is determined by CIRK rather than GIRK currents, and is therefore related to the expression of Kir2 rather than Kir3 channels. The constitutive inward rectification of granule cells differs therefore from tonic G-protein-mediated modulation of Kir3 channels reported in retinal ganglion cells (Chen et al., 2004) and in the dendrites of hippocampal CA1 pyramidal neurons (Chen & Johnston, 2005) or from activation of KirNB channels reported in cultured nucleus basalis neurons (Hoang et al., 2004) .
Properties of the transduction pathway
Single-cell RT-PCR revealed GABA B R1 and GABA B R2 mRNA, in agreement with previous in situ hybridization experiments (Liang et al., 2000) . In 36.4% of neurons, GABA B receptor subunits and Kir channel a-subunits were co-localized, providing the molecular substrate for functional coupling. The Golgi cell-granule cell synapses are located on the dendrites and are enwrapped within a glial sheet forming the cerebellar glomerulus and limiting neurotransmitter diffusion (Rossi et al., 2003) . It is therefore probable that synaptically released GABA activates the GABA B -Kir2 inhibitory mechanism within the glomerulus. Consistently, immunostaining reveals a dendritic localization of GABA B receptors (Ige et al., 2000) and Kir2.2 channels (Stonehouse et al., 1999) . It should be noted that GABA B receptors are also present in the granule cell axon, the parallel fibre, where GABA released from molecular layer interneurons causes heterosynaptic depression of glutamate release through presynaptic GABA B receptor activation and Ca 2+ channel modulation (Dittman & Regehr, 1997) . The coupling of Kir2 channels to membrane molecular complexes provides the substrate for channel regulation processes (Leonoudakis et al., 2001 (Leonoudakis et al., , 2004 ). An initial characterization of the transduction pathway has revealed that GABA B receptor-dependent CIRK modulation involves a PTX-insensitive G-protein and a cytoplasmic dephosphorylation process blocked by okadaic acid in the patchpipette. A quite similar process was reported in endothelial cells (Kamouchi et al., 1997) , and CIRK currents inhibited by GTPcS were also observed in chromaffin cells (Inoue & Imanaga, 1995) . In nucleus basalis neurons, CIRK current inhibition is promoted by substance P and occurs through a PTX-insensitive G-protein but, unlike in granule cells, is prevented by phosphatases and enhanced by protein kinase C (Takano et al., 1995) . The transduction pathway in granule cells may be further investigated by using different receptor agonists, by selective blockage of G-protein subtypes, and by using inhibitors of intracellular kinases (like protein kinase C or A) or phosphatases potentially involved in CIRK regulation.
Functional implications of CIRK current inhibition
CIRK inhibition depolarized the granule cell and increased input resistance in a membrane potential range (between )70 mV and )60 mV) compatible with subthreshold synaptic integration ( Fig. 7B and C). Although this is expected to raise granule cell excitability in terms of spike output, the direct assessment of this effect is unpractical due to the potential action of GABA B receptors on multiple membrane channels (Misgeld et al., 1995; Nicoll, 2004) . Further experimental work is needed to prove this hypothesis. The potential functional implications of CIRK inhibition descend from the properties of Golgi cell-granule cell interaction and the functional organization of the granular layer circuit. Golgi cells are pace-maker neurons beating at about 4 Hz in slices. It is interesting to note that, in order to induce CIRK inhibition, the axons had to be stimulated at 25 Hz, i.e. at a frequency higher than basal Golgi cell discharge. Because protracted activity at about 25 Hz has been observed in a fraction of Golgi cells in vivo (Edgley & Lidierth, 1987; Vos et al., 1999a) , there could be regions in the cerebellum granular layer undergoing CIRK current inhibition.
The pro-excitatory action of CIRK current inhibition is puzzling for a GABAergic synapse. It is tempting to speculate that the increase in U N C O R R E C T E D P R O O F granule cell excitability following GABA B receptor-mediated CIRK inhibition has an homeostatic significance (Turrigiano & Nelson, 2004) , preventing excess inhibition of synaptic transmission along the mossy fibre pathway. Synaptic inhibition is supposed to provide a powerful mechanism to limit the number of active granule cells, a property called sparse coding (Marr, 1969) . Although sparseness is thought to be important, an insufficient number of active granule cells would lead to information loss and degradation of mossy fibre representations (Schweighofer et al., 2000) . Thus, CIRK inhibition through GABA B receptors may contribute to determine the appropriate balance in the number of granule cells activated by a given input.
